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Abstract

A design wethod for piles driven in sand and subjected to static

vertical loads is presented. This method is unique in that it consid-

‘ers the existence of residual stresses due to driving. It uses the

results of Standard Penetration Tests to obtain the load transfer

curves for friction and point resistance. These curves are modelled by
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yperbolas which start at the residual friction and residual point

pressure for zero displacement. , o
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T method is based on a simple theory, and on a 33 piles
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data base. The residual stresses and the transfer curves could be
determined with reasonable accuracy from the data base because for each

pile there was sufficient instrumentation and the load test program was
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tly complete.



The Phenomenon of Residual Stresses

During a hammer blow, a pile will move downward first, then
rebound and-then oscillate around a final position. At its final
position the biie is in equilibrium under a certain point load and a
certain‘friction load, which cancel out sinée the tdb load 1is zero.

The process repeats itself during the full driving sequence of the pile
and when the pile reaches final penetration the load dlstrlbutlon 1n‘
the p11e can be as shown on Fig. 1.

During the downward movement of the pile the pile-soil friction is

abtAﬁg upward on the pile to resist the penetration of the p11e the

r

point soil resistance is also acting upward. During the rebound that
foilows, the soil under the point pushes the pile back up while;the I
pile decompresses elastically. These two components of the rebound

create enocugh upward movement to reverse the direction of the pile-soil
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ion which now acts downward at least in the upper portion of the
pile. BEguilibrium is reached when enough of the friction stresses have
reversed themselves in order to keep the bottom of the pile prestreésed
against the soil. |

The above explanation shows that the residual stresses phenomenon
is governed by the ﬁnloading characte:istics of the point and frictioﬁ
transfer curves (g-w and f-w curves) on one hand, and by the elastic
characteristics of the pile on the other. 1In sands, a significantb
residual point load can exist because point capacities are large and
because little movement is needed to unload the friction transfer
curve, while much more movement is needed to unload the poini transfer'.
curve.,
The existence of residual stresses has been known for a loung time

(7, 6} but has not been routinely included in pile design.
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Why are Residual Stresses Important?

In a conventional load test on an instrumented pile, the following

testing sequence is usually observed: first the pile is instrumented,

second the pile is driven, third the instrumentation is zeroed, fourth

_the load test is performed. Zeroing the instrumentation after having

driven the pile is equivalent to assuming that zero stresses exist in

the pile after driving. Therefore, in a conQentioﬁalrioad teéi résid~
ual stresses are‘not measured.

The difference in load diétributibn in the pilé between the
measured lcads as described above and the true loads that exist iﬂ’the
»ils is shown on Fig.kl for é éompression test and aAtensiqn’tg§Eiﬂ:Agn
can be seen, the interpretation of the results from a conventional
compression test will lead to a point load which is lower than the true
peint load and to a friction load which is higher than the true fric—
tion lcad.

The interpretation of the results from a-conventional tension test
on the other haﬁd, will lead to a point load which is larger than the
load which is zero, and to a friction load which is émaller.
than the true friction load. Due to these errors in measurements; ali
the predictive methods.based on these conventional load test resﬁlts

are in error. Therefore, for the purpose of developing a predictive

residual stresses must be considered.

Thecoretical Formulation

The foilowing theoretical formulation makes a number of simplify-

ing assumptions., The results are useful however, because they show




theoretically the role of the various influencing factors. The
residual loads are loads that are locked in upon unloading after the
pile has been brought to the ultimate soil resistance. Therefore, the

theoretical analysis takes as:éﬁ iﬁiti;iigoﬁéigingtgé sﬁfesg';ﬁd:loadv>ﬂ
distribution in the pile at failure. The ultimate skin friction is Ty,
and the ultimate point resistance is qy (Fig. 2). The top ultimate
load is Qpy and thevpoint ultimate load is Qpy- The load anywhere

in the pile is Qy- -

The unlcading of the friction is assumed to obey the linear

zlastic model {(Fig. 2):
5‘—‘3’{ = Z:ié\‘w » . . . » - - » - > L2 » * - » L ] L d - B 2 * » » - . (1 )
. ,
‘where At is the decrease in pile-soil friction stress at depth =z

1s the unloading stiffness in friction
Aw is the upward movement of the pile upon unloéding at

_depth z.

Similarly the unloading of the point follows:
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decrease in point resistance
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the unloadiﬁg stiffness for the point.
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s the upward movement of the pile at the point upon

. unloading.
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The equilibrium of the elementary pile element can be written

incremeﬁtally as follows (1):

oA P At _ L e o - o
aZ X b 0 .. e e+ & e e e * » o o‘ * o o o @ (3) )

]

where Ac .= mormal stresses decrease in pile at depth z

>
i

cross sectional area of pile.

P = perimeter of pile.

The comstitutive equation for the pile is:
: = 9w o
:SG = :?AE - p—"a';- . . . ° . - » . . ° * . - . . . 3 . (4)
where E, is the pile modulus

Az is the decrease in normal strain at depth z due to

unliocading.

The sclutiom to the problem gives‘the residual load (QR) in the pile

at a depth z (1):

T (& axn)fT2) _ (E_o-x')e 0 (1m2)
O = T o 0 P P P P
Uy M NG oL eid « « o (5)
i (E Q' e - (E 2-K")e
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where L is the length of the pile
z is the depth at which Qg exists
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The residual point load, Qpgr» is:

2Q
= : TU
QPR QPU E Q QL E Q - - Y . . » . .« e (6)
1+ B e w1 - T P ‘
P p

Equation 5 and 6 show that the factors influencing the distribu—

tion and magnitude of residual loads are the ultimate point and total

L

loads, the pile length, the relative pile—soil stiffness.

mented piles hammer driven in sand (1). A review of the ii#é;é;;rev
revealedflﬁ sites with a total of 33 instrumented piles. Detaiis.dfv
‘the piles and soil data available at the sites are presented in Table
1.

The g-w curve is the load transfer curve at the point of thé pile.
The parameter q is the average pressure under the point_for a movement_
w of the pile point. An f-w curve is a load ﬁ?anéfer curve along the
“shaftr of the pile. -fhe parameter f is the friction developed between
the soil and the pile for a movehent w of the pile shaft. On Figureb3,
the dotted curves represent the load transfer curves obfalned from

conventional load tests where residual stresses are ignored, whlle the
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501 nes represent the load transfer curves including residual
stresssas.

The following parameters were used in the ana1y31s of the data

base: g_ 15 the true ultimate point pressure, q,. . is the residual




TABLE 1. -~ Data Base
DIMENSTONS
PILE TYPE DIA- MODULUS OF | TYPE | B
SITE PILE | AND MATERIAL | METER | LENGTH| AREA |ELASTICITY | TEST | REFERENCE
ft ft in? |psi x 106
(1) (2) 3 (4) 3). | (6) (D (8) (9
Lock and Dam 4] 1 Steel Pipe 1.20 | 53.1 17.12 29.0 cC, T
%{Szgias River| , Steel Pipe | 1.50 |52.8 |23.86 29.0 Cs T
. 3 Steel Pipe 1.70 {53.0 |27.36 29.0 s T
6 Steel "H" 1.34 | 40.0 |25.70 29.0 3.
HP 14x73 - :
7 Steel "H" 1.34 | 52.1 |29.33 29.0 C, T 8
HP 14%73
g Steel "H" 1.34 {53.2 |26.28 29.0 c
HP 14%73
16 Steel Pipe 1.50 | 53.1 | 23.86 29.0 C, T
16 | Steel Pipe | 1.42 |52.7 |[19.62 29.0 C, T
Low Siil 1 Steel VE" 1.34 | 80.5 |25.70 29.0 C 9
Structure HP 14%73
0ld River, La. i . S ant i
(1956 2 Steel Pipe 1.75 | 65.1 |27.36 29.0 s T
38 Steel "H" 1.34 | 70.6 |25.70 29.0
HP 14x73
A Steel Pipe 1.42 |66.3 |[22.65 29.0 C, T
5 teel Pipe 1.42 | 45.1 |22.65 29.0 C, T
& Steel Pipe 1.58 65.2 25.00 29.0 C, T
Ogeechee River | E-11 | Steel Pipe 1.50 9.9 27.49 30.0 G 14
(1969) 5-12 | Steel Pipe |1.50 |20.1 |27.49| 30.0 |c 15
H-13 | Steel Pipe 1.50 | 29.1 |27.49 30.0 C
B-14 | Steel Pipe 1.50 {39.3 |27.49 30.0 C
B-15: Stesl Pipe 1.50 | 49.3 27.49 30.0 C
Lock and Dam 25 | 5IT— | Steel "g" 1.34 |80.1 |21.40 29.0 T 4
Replacement i HP 14x73
it 72) o
Site (1972) 519~ | Steel "H" 1.34 | 54.4 |21.40] 29.0 T
it HP 14%73 _ '
317~ | Steel "HY 1.34 | 54.0 |21.40 29.0 C, T
TIIS | HP 14x73 ’ '




TABLE 1 (Continued)

NOTE: 1

; 1 psi = 6.89 KN/m%

DIMENSIONS
PILE TYPE DIA- . |MODULUS OF | TYPE .
SITE PILE | AND MATERIAL | METER | LENGTH AREA |ELASTICITY | TEST | REFERENCE
- ft ft in2 |psi x 106
(1 (2) (3 (4) (5) .} (&) (7 (8) (9)
West Seattle Octagonal o .
" Freeway Bridge A Concrete 2.05 ) 98.0 | 477.20 3.56 c J11
(1980)
Octagonal :
B Concrete 2.05{ 84.0 | 477.20 5.56 c 12
Tavenas H5 Steel "H" 1.09 | 60.0 21.80 35.0 C 13
(1970) 12 BP 74
g5 | Hemagomal | 4ot 0.0 | 127.00] 3.94 c
Concrete
Gregersen : Cireular N ' '
(1969) A Concrete 0.92 { 26.2 95.45 3.15 c 5
p/s | Cireular 0.92| 52.5 | 95.45| 3.15 | ¢
Loncrete N
Tapered Top
c {ircular 0.92 26.2 | Varied 3.15 c
Concrete Bot.
, 0.66
Straight |
Cir. to 26.3| Top
B/ ft. Tapered | 0.92 | 52.5 | Varied 3.15 C
to bottom Bot.
Concrete 0.66
Corpus Christii Inir Square 1.50 | 33.5 | 256.00 5.6 C 2
(1971) Concrete
Final: Square 1.50 { 33.5 | 256.00 5.6 C
Concrete
Sellgren A-T Square 1.00 | 35.4 | 113.00 3.15 C 10
(1981) Concrete
A-ITI | Square 1.00 | 35.4 | 113.00| 3.15 c
Concrete
Lock and D 25| Ma Timber Top
Ellis Island 1.16 | 35.0 | Varied 2.0 c 16 .
Bot o
. 17
0.92 Nabs
%Had a 3/4 4n. (1.9 em) thick square plate on the bottom.
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point pressure after driving, fax 1s the true ultimate frictiom, fras
is the residual friction after driving, K, is the initial slope of the
q-w curve and KT is the initial slope of the f-w curve.
, Thg load transfer analysis on these instrumented piles was

performed as follows:

1. The f-w and q—w curves were obtained point by point from the
load tests without correction for residual stresses.

2. A hyperbolig‘model was fit through the experimental points of
the f-w and ¢-w curves. This ied to curves such as the one shown in

dotted line on Figure 3.

Yomt

3. The equation of the hyperbolas gave KT’ Kss f £

max res’ max 9res

4. The value of the residual point pressure after driving 9res
and of the residual friction f es Were obtained from the load test data
by one cf four methods (1), depending on the data available. Metheod 1
consists of reading the pile instrumentation before and after dri&ing.
Method 2 is the Hunter-Davisscn method (7). Method 3 consists of
assuming that in a tension test the load that appears as a tension load
on the point is the residual point loéd. Method 4 cbnsi;ts of‘assuming
that the tension load in a tension test is the true friction load in a
compressién.test. |

5. The wvalue of ¢ were obtained by adding q and

max and qma X res

su%tractiagﬁfres respectively to the values obtained in step 3.

& parametric analysis of Equation 6 showed that the parameter QL is a



a controlling factor in the magnitude of residual point loads. This is
why a correlation between Qpes 2nd QL was attempted (Figure 4).

Due to a lack of other soil data at the sites only the SPT results

were used in correlations with all other “parameters...A decisiom was

made not to use any correction on the blow count W V;Iues because
various corfections exist and none are widely accepted. The value of N
used for the pile point parameters, Nots is an avéragé’over a distance
of foﬁr diameters either side of the pile point. The value of N used
for the friction parameters N

side 15 2 weighted average along the

onsidered.
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The results of all correlations using the least square regression
eguations aras shown on Figures 5 to 8. Part of the drastic scatter

which exists in Figures 5 to 8 is due to measurement errors incleding

If the data points of figure 5 were plotted on a natural scale,
they would show that q_ . does not_increase linearly with N. With
Qmax in #sf, the fatio qmax/N is about 10 for very low N values, becomes
about 4 for N values between 10 and 15, and decreases to 1.6 for N equal
50. This oonlinrearity can be explained as folows. In very loose sand

Bo-le LI

*T blow count is very low, the SPT does not apply a sufficiently

3
y

-

-
e

G

large number of blows to densify the sand and the blow count is repre-
sentative of the sand in its undisturbed state. In very loose sands,

however, the pile will apply a large number of blows to the sand, densi-
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dense sand, the number of blows for both the SPT and the pile are large
and similar soil conditions are created around the split spoon and the
max

pile. As a result the ratio q___/N is much lower than for loose sands.

The Design Method-:

The f-w and q-w curves for this method do not go through the origin
but are offset By an amount equal to the residual stresses after driving

(Fig. 3). Both curves_are modelled by hyperbolas expressed as (1):

3
i
X

£ __+f
T max " res

in which from the correlations:
. 0.0065
K, = 467-1 (N ) . . » L3 - . L3 . - * - . . . - ° 3 (9)
. pt
in tsf/in.
¥,.. uncorrected average SPT blow count over a distance

/
of four diameters either side of the pile point

0.36
Upor = 19.75 (Npt) B ¢ 1))
% in tsf
:::’:es = 5057 LQ - * - L] L2 * . - » - - - [ - . L] » . L3 - * (11)



L is the pile length

P = perimeter of the pile
Ep = modulus of the pile

A = cross-section area of the pile

0027
K’f = 5.01 (NSide) » - [ . - . - ° . * . L - . - L 4 (13)

KT in tsf/in,

ix

cids uncorrected average blow count within shaft length

considered.

0.29
)

fax = 0.224 (Ngi4. !

£ in tsf
A

; = P
Tres qres‘A » and fres < fmax

o]

rder to predict the load~sett1ement curve for a pile, an
loaded pile computer program may be used. Minor modifications
made to incorporate residual stresses. At zéro movenment the
under a compressivé load due to the residual stresses, The
compression of thé pile under this compressive residuai load

subtracted from all settlements computed by the program. This

comprassion is calculated by using the residual state of stress.

4y
™

-above method was used to generate the load-settlement curves

piles of the data base (Fig. 9). Figures 10 and 11 are frequency
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distributions which give an idea of the precision of the method. On

Fig. 10’.Qmeas is the load measured during the load test at a settle-

ment equal to 10% of the pile diameter, while'Q ed is the load pre-

dicted at the same<sett1ement;, On Flg. 11, Smea; is the settlement
measured at a load equai to 1/2 Queas and Spred is the settlement»pre—
dicted at the same load. These figures do not give a true idea of
accuracy since they show the precision of the method on the data base
used to develop it.

-The limitations of the method are tied to the data base; this‘data
base included driven piles that averaged 50 ft in length and 1.3 ft in

diameter. The sands varled from very fine to very coarse and from 1oose

o verwy denss.

Conclusion

A

)
~("Y

o
~

hod is presented for the design of hammer driven piles in
sand, 'This methed is different from most previously available methods
in that it iIncludes the consideration of residual driving stresses.
Based on a 33 piles data base, and on the results of Standard
Penetratiocn Tests, hyeerbolic models.ere used to describe the friection

and peint pressure transfer curves. The method therefore allows to

predict the entire top load top-movement curve for the pile.
P I P
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